Context and objective: Idiopathic central precocious puberty (iCPP) is defined as early activation of the hypothalamicpituitary-gonadal axis in the absence of identifiable central lesions. Mutations of the makorin RING finger 3 (MKRN3) gene are associated with iCPP. We aimed to assess the frequency of MKRN3 mutations in iCPP and to compare the phenotypes of patients with and without MKRN3 mutations. Design: An observational study was carried out on patients recruited at pediatric hospitals in France and Italy. Forty-six index CPP cases were screened for mutations in the MKRN3 coding sequence: 28 index cases of familial cases and 18 cases did not report any familial history of CPP. The endocrine phenotype was compared between MKRN3 mutated and non-mutated patients. Results: MKRN3 mutations were identified in one sporadic and 13 familial cases. We identified five new heterozygous missense mutations predicted to be deleterious for protein function and two frameshift mutations, one new and the other recurrent, predicted to result in truncated proteins. Age at puberty onset varied very little among patients with MKRN3 mutations and puberty occurred earlier in these patients than in those without MKRN3 mutations (6.0 years (5.4-6.0) vs 7.0 years (6.0-7.0), PZ0.01). Conclusions: MKRN3 mutations are common in familial iCPP. MKRN3 is one of the gatekeepers of the postnatal activation of the gonadotropic axis.
Introduction
Precocious puberty is usually defined as breast (B) development (Tanner B2) before 8 years of age in girls and gonad (G) development (Tanner G2, volume O3 ml or length O25 mm) before 9.5 years of age in boys (1) . maternal unidisomy of chromosome 14 (3) , the dup (18q) and del (11q) syndromes (4) , and Williams-Beuren syndrome (5) . However, CPP is usually idiopathic CPP (iCPP). de Vries et al. (6) reported that about one-third of iCPP cases were familial. Segregation analysis for the affected families suggested an autosomal mode of inheritance, with incomplete sex-dependent penetrance.
Mutations or SNPs associated with CPP were initially described in KISS1 and KISS1R (7, 8, 9) , but mutations of these genes are very rare in sporadic cases of iCPP (10) . A recent whole-exome sequencing study identified mutations in the makorin RING finger 3 (MKRN3) gene in 15 individuals with iCPP (11) . The mutation was inherited from the father in all 15 cases, consistent with the maternal imprinting of MKRN3. Other loss-of-function MKRN3 mutations have since been reported (12, 13, 14, 15) . MKRN3, located on chromosome 15q11.2, in the critical region for Prader-Willi syndrome, encodes MKRN3 protein. Most patients with Prader-Willi syndrome display hypogonadotropic hypogonadism, but iCPP has also been reported in a very small number of patients (16) . The mechanism by which a loss of MKRN3 function leads to early activation of the hypothalamic-pituitary axis is unknown, although it has been suggested that MKRN3 inhibits the neuronal network controlling the secretion of gonadotropin-releasing hormone (GnRH) (11) .
In this study, we investigated the frequency of MKRN3 mutations in a large group of patients with iCPP, with the aim of describing the phenotype of patients carrying MKRN3 mutations, and to compare this phenotype with that of patients having iCPP but no identifiable MKRN3 mutations.
Subjects and methods

Patients
This analysis is a retrospective analysis of the endocrine phenotype of 46 index cases (45 girls and one boy) who have been screened for MKRN3 mutations. They were originated from France (44) and Italy (2) . They were all negative for a mutation in KISS1 and KISS1R coding sequences. All cases had iCPP, defined as Tanner stage 2 (B2 or G2) before 8 years of age in girls and 9.5 years in boys, basal and/or GnRH-stimulated luteinizing hormone (LH) levels within the pubertal range, as defined in the following section, and normal findings for magnetic resonance imaging of the brain. A high growth velocity (O6 cm/year), advanced bone age (at least 1 year above chronological age), as assessed by the Greulich and Pyle method, and changes in the uterus and ovaries, as assessed by pelvic ultrasound scans, confirmed progressive iCPP. Patients were classified as having familial iCPP if they had at least one first-or second-degree relative with documented CPP or on the basis of self-reported age at menarche for female relatives or age at onset of pubertal changes in male relatives.
Hormone assays
Serum LH and follicle-stimulating hormone (FSH) were determined in immunochemiluminescence assays (Siemens Healthcare Diagnostics SAS, Saint Denis, France) and serum estradiol (E 2 ) concentration was determined in a RIA (EST-US-CT, Cisbio Bioassays, Gif sur Yvette, France). For the GnRH stimulation test, serum LH and FSH were assayed 15 min before and 20, 40, 60, and 90 min after an i.v. injection of 100 mg of GnRH. Basal LH values O0.5 IU/l and GnRH-stimulated LH values O5 IU/l were considered to be within the pubertal range. The intra-assay coefficients of variation (CV) values were 4% for FSH, 3.2% for LH, and 5% for E 2 . The inter-assay CV values were 5% for FSH, 7% for LH, and 10% for E 2 .
Pelvic ultrasound scans
Pelvic ultrasound examinations were carried out at the time of diagnosis of precocious puberty. The following signs of estrogen exposure were sought: uterine length O34 mm, pear-shaped uterus, and endometrial thickening.
Genetic testing
DNA was collected from the index cases, their parents, and other affected family members, when possible. Written informed consent for genetic testing was obtained from the parents of each index patient and from all the family members tested. This retrospective study has been approved by the Ethical Committee of Robert Debré Hospital (#2014-158). Genomic DNA was extracted from peripheral blood lymphocytes. The screening of KISS1 and KISS1R as described elsewhere (9, 17) identified no mutations. The MKRN3 coding region was amplified with two pairs of primers described by Abreu et al. (11) and an additional pair of primers (5 0 -GATTGGCTCGGCTGCT-GAAAG-3 0 and 5 0 -TGGGCAAGACTTGACGATCCT-3 0 ). The pathogenicity of the variants was assessed with the in silico prediction programs SIFT and Mutation Taster, and we checked that the variants identified were absent from two databases (1000 Genomes and NHLBI EVS).
As iCPP has been reported in a few patients with Prader-Willi syndrome (16) , we hypothesized that a deletion restricted to MKRN3 might be associated with iCPP in patients without the Prader-Willi phenotype. We developed a quantitative PCR gene dosage assay for MKRN3, involving three primer pairs ( Table 1 ). We used PCR to amplify 25 ng of genomic DNA in 20 ml of PCR mix (Applied Biosystems), with each primer at a concentration of 500 nM. RB1 and MYH9 were used as reference genes for MKRN3 quantification. All reactions were performed in triplicate. DNA from a patient with Prader-Willi syndrome and a deletion encompassing MKRN3 was used as a positive control and omission of the DNA template as a negative control. PCR conditions were as follows: 10 min of denaturation at 95 8C, followed by 40 cycles of 95 8C for 15 s and 60 8C for 60 s, in a 9700 PCR machine (Applied Biosystems). Raw data were then exported to SDS Software for analysis (Applied Biosystems). We determined gene copy number by the 2 KDDCT method, in which the cycle threshold (CT) is the number of cycles required to reach the fluorescence threshold, DCT is the difference in CT values between MKRN3 and the reference gene, and DDCT is the subtraction of the control DCT from the patient DCT. The efficiency of quantitative PCR was evaluated by testing a series of DNA dilutions, from 40 to 2 ng/reaction.
Statistical analysis
Data are reported as medians (interquartile range). Clinical, hormonal, and radiological data were compared between patients with and without MKRN3 mutations, in the nonparametric Mann-Whitney test. P values !0.05 were considered statistically significant.
Results
Patients
In total, 46 patients were included, 28 of whom had one or more affected relatives (multiplex families), the other 18 being considered to be sporadic cases. Sixteen of the 28 multiplex families contained two iCPP cases, eight included three iCPP cases and four families had four iCPP cases ( Fig. 1 and Supplementary Figure 1 , see section on supplementary data given at the end of this article). A history of iCPP was reported in the mothers of the index cases in 13 families and in the father of the index case in only one family. In 17 families, iCPP was observed in at least one sibling of the index case.
Mutations
DNA samples were available for the 28 index cases from the multiplex families, the 18 sporadic cases and for 37 of Table 1 Primers used to quantify MKRN3 alleles.
Names
Forward Reverse   MKRN3-1  CAAAGCAGCCATGGAAGA  GCTCACAGACGGGAAGGT  MKRN3-2  ATTATGCTTCCAGGGGAGT  ATGTTCTTCCCTCTGGGC  MKRN3-3  GCGGTTTCTTTCACTGAGA  CTAGACCACATGCCACAGC  RB1  GATCTCCAAAGAAAAAAGGTTCAACTACG  GGTAGATTTCAATGGCTTCTGGGTCTG  MYH9 CTCCCCGCTTAGGTCCTGGCTAT GGCCAGCGGATTGTTGATGAAG their first-degree relatives (mothers, nZ13; fathers, nZ9; sisters, nZ13; and brothers, nZ2). Two frameshift mutations and five heterozygous missense mutations of MKRN3 were identified in 13 familial cases and one sporadic case (Fig. 2) . One of the two frameshift mutations identified here has been reported before (c.482insC; p.Ala162Glyfs*15) (11). We found this mutation in eight families (nos 1, 2, 6, 7, 9, 10, 11, and 13). The other frameshift mutation (c.802-803del; p.Met268Valfs*23), found in family no. 12, has never been described before.
In silico analysis predicted that these two frameshift mutations would result in the production of truncated proteins of 176 and 290 amino acids respectively. We also identified four missense mutations, c.943AOG; p.Met315Val, c.982COT; p.Arg328Cys, c.1118COT; p.Pro373Leu, and c89COT; p.Pro30Leu, in the index cases of family nos 3, 4, 5, and 8 respectively (Fig. 2 ). The patient identified as a sporadic case was found to have a missense mutation (c.737AOG; p.Tyr246Cys). These five missense mutations were not present in 1000 Genomes and NHLBI EVS databases. The missense mutations identified affected the second zinc finger domain (p.Tyr 246Cys), the C3HC4 RING finger motif (p.Met315Val and p.Arg328Cys), the N-terminus of the protein (p.Pro30Leu) or the region between the C3HC4 RING finger motif and the third zinc finger domain (p.Pro373Leu) ( Fig. 2) .
In silico analysis with two programs predicted that all the missense mutations would result in a loss of function. We investigated the possibility of patients without identified MKRN3 mutations having partial or complete MKRN3 deletion, by determining the number of MKRN3 alleles by quantitative PCR. All patients without MKRN3 mutations were found to have two alleles of MKRN3.
Paternal inheritance of the mutations was established in nine families, including the sporadic case. Eight of the nine fathers had no symptoms. The remaining father had a history of precocious puberty (family no. 8; Fig. 1 ). Paternal DNA was not available for five families. In four of these families (nos 1, 3, 5, and 6), no mutation was detected in the mothers, suggesting that the mutations found in the index cases were transmitted by the father. DNA was not available for either of the patients from family no. 12 or for four of the affected relatives of index cases. Interestingly, there was a deficit of boys among the siblings of index cases (4/20).
Clinical phenotypes in girls with and without MKRN3 mutations MKRN3 mutations were found in 25 iCPP patients from multiplex families and in one sporadic case. Complete clinical data were available for 20 cases from these 13 families (13 index cases and seven relatives) and for the sporadic case (nZ21) ( Table 2 ). All these patients were girls. Median age at puberty onset was 6 years (5.4-6) and median age at first evaluation was 6.5 years (5.9-7.3). At this age, these patients displayed the typical features of precocious puberty, including Tanner stage 3, a high height velocity, and advanced bone age ( from this analysis. Girls with MKRN3 mutations were significantly younger at puberty onset than those without such mutations (6.0 years (5.4-6) vs 7.0 years (6-7), PZ0.01). They were also significantly younger at the first evaluation (6.5 years (5.9-7.3) vs 8.0 years (6.9-8.3), PZ0.004). No differences in hormone levels or ultrasound evidence of estrogen exposure were found between girls with and without mutations ( Table 3 ).
Discussion
Thirteen of the 28 familial cases of iCPP had heterozygous MKRN3 mutations identified by genetic screening. Six heterozygous mutations of MKRN3 were found in these familial cases: four new missense mutations and two frameshift mutations, one of which had never before been identified. In addition, a new missense mutation was found in a girl with sporadic iCPP. A comparison of endocrine phenotypes between girls with and without mutations showed that those with MKRN3 mutations were younger at iCPP onset than those without such mutations.
In 2013, Abreu et al. (11) described the first families with iCPP and heterozygous MKRN3 mutations. These mutations were found in 15 patients from five families. Thirteen other patients with iCPP and MKRN3 mutations, from six families, have since been described (12, 13, 14, 15) . In our study, heterozygous MKRN3 mutations were found in 14 of 46 index patients with iCPP (30%). All the mutations identified were predicted to be loss-of-function mutations by in silico analysis methods, and were therefore suspected to be the cause of the precocious puberty. The c.482insC frameshift mutation has already been reported elsewhere (11) . The high frequency of this mutation in our study (8/14) confirms that the cytosine homopolymer between nucleotides 476 and 482 is a mutation hotspot. As expected, the proportion of mutations was high in the subgroup with familial iCPP (nZ13/28, 46%). Only one of the 18 girls with sporadic iCPP had an MKRN3 mutation, consistent with findings for a large group of sporadic cases (14) .
In the subgroup with familial iCPP, segregation analysis predicted a high probability of the mutation having been transmitted to the affected children by their fathers. A history of iCPP was reported in the father (family no. 8), in paternal first cousins (family nos 1 and 10), or in the paternal grandmother (family no. 11). These cases were consistent with the need for mutations in a paternally expressed gene, such as MKRN3, to be transmitted by the father to cause the phenotype. However, a history of iCPP in the mother does not exclude the presence of an MKRN3 mutation, as shown by family nos 3 and 10. The large number of patients with familial iCPP for whom comprehensive data were collected made it possible to analyze the segregation of MKRN3 mutations with iCPP. It also led to the description of new MKRN3 mutations. However, this study also had limitations, due to its observational nature and the use of declarative data for pubertal status. A history of iCPP was reported in only one of the nine fathers carrying MKRN3 mutations. In previously reported familial cases with MKRN3 mutations, the fathers were reported to be asymptomatic carriers in nine of 11 cases, whereas inheritance of the mutation from the paternal grandmother was confirmed in only two cases (11, 15) . This may reflect the inheritance of the mutation, by fathers, from their mothers, as in family no. 11. This suspected overrepresentation of transmission of the mutated allele from the paternal grandmother raises questions about the veracity of the age at onset of puberty self-reported by fathers with mutations. Indeed, puberty onset is harder to recognize in boys than in girls, and cases of precocious puberty may have been missed. This analysis of large pedigrees with iCPP suggests that screening for MKRN3 mutations should be performed in all familial cases with potential paternal transmission, or at least two affected siblings if there is no paternal history of iCPP.
Thirty-three patients with MKRN3 mutations have been reported to date. More girls (nZ23) than boys (nZ10, eight index cases and two affected relatives) have been found to have such mutations. This is consistent with the findings of our study, in which mutations were identified mostly in female subjects with iCPP. This may reflect a recruitment bias and the well-known higher prevalence of precocious puberty in girls than in boys. No accurate information about age at puberty onset was available for three previously reported cases of iCPP in male patients with MKRN3 mutations (11, 12, 13) . The other five boys had a median age at Tanner stage 2 of 8.25 years (8-8.5 ), suggesting that the decrease in age at puberty onset was smaller for boys than for girls. Additional studies are required to determine whether the susceptibility to CPP conferred by MKRN3 mutations differs between girls and boys. Clinical follow-up of the two boys with MKRN3 mutations in family nos 13 and 14 should make it possible to evaluate the degree to which MKRN3 mutations are expressed in boys.
MKRN3 is located on chromosome 15. We would therefore expect there to be similar numbers of boys and girls among the offspring of men with MKRN3 mutations. However, we actually observed a deficit of boys in these 14 families (Fig. 1) , and these findings are consistent with published data. Indeed, the offspring of the 15 previously reported fathers with MKRN3 mutations (11, 12, 13, 14, 15) consists of 25 girls and six boys, consistent with the imbalance in the numbers of boys and girls observed in our families. This deficit of boys among the offspring of mutated fathers requires confirmation in a larger group of men with mutations, but it suggests that Y-bearing sperm cells carrying MKRN3 mutations may be defective. We compared phenotypes in girls with and without MKRN3 mutations, to determine whether, in addition to familial history, there were any clinical or biological features suggestive of MKRN3 mutation. Median age at puberty onset was the only parameter found to differ significantly between girls with and without mutations (lower in girls with mutations, at 6.0 years (5.4-6) ). Similarly, the median age at puberty onset in 22 previously reported cases in girls was 6.0 years (5.4-6.1) (11, 12, 13, 14, 15) . The narrow range of age at puberty onset in patients with MKRN3 mutations indicates that the activity of the encoded protein is critical at a specific time point in the postnatal development of the GnRH neuronal network. We identified no differences in hormonal status between girls with and without MKRN3 mutations, although higher FSH levels were recorded in the subgroup of girls with mutations in a study of a large group of patients with sporadic CPP described elsewhere (14) . In their cohort of sporadic cases of iCPP, Macedo et al. (14) found no difference in age at puberty onset between patients with and without MKRN3 mutations. Moreover, preliminary results from our group indicate that the median age at puberty of index cases does not seem to be different between patients with a maternal transmission of CPP as compared to those with a paternal transmission (Our group, personal communication). The differences in findings between these two studies may be due to the diverse causes of iCPP familial cases as compared to sporadic cases.
The mechanism by which MKRN3 mutations affect the onset of puberty is unknown. It has been suggested that the MKRN3 protein inhibits GnRH secretion in mice (11) . A recent study on a large group of healthy Danish girls showed that serum MKRN3 concentration declined before the onset of puberty and was lower in a subset of girls with early puberty onset than in the subset of age-matched prepubertal girls (18) . A recent genome wide-association study identified two single-nucleotide polymorphisms of MKRN3 significantly associated with an older age at menarche only when inherited from the father (19) . These SNPs were not associated with serum MKRN3 concentration (18) , but they might be associated with a persistence of intracellular MKRN3 activity for a longer period of time after birth than for the WT allele (18) .
All the children with MKRN3 mutations in our study have been or are still being treated with GnRH agonists and have shown a good treatment response, consistent with other reports (11, 14) . Menarche occurred normally after the cessation of treatment. These data suggest that MKRN3 may be involved in controlling gonadotropic axis reactivation during childhood but with no effect on the GnRH-induced LH surge leading to ovulation in females at the end of the follicular phase (20) . The timing of gonadotropic axis reactivation differs between boys and girls (21) . This difference in timing between the sexes persists in patients with MKRN3 mutations. Rather than controlling GnRH secretion directly, MKRN3 may modulate postnatal gonadotropic axis maturation in both sexes.
In conclusion, the identification of MKRN3 mutations in patients with iCPP has constituted a major breakthrough in the understanding of iCPP genetics. The prevalence of MKNR3 mutations is high in familial cases of iCPP. The onset of iCPP occurs earlier in patients with MKRN3 mutations than in those without such mutations, and sexual dimorphism for age at puberty onset persists in patients with mutations. These MKRN3 mutations accelerate the postnatal development of the gonadotropic axis. Additional genetic studies are required to identify genetic abnormalities associated with maternally transmitted iCPP.
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